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Reporting recently in Cell, Dalton et al. (2013) identify a central role for the unfolded protein response in the
regulation of olfactory receptor expression, unveiling molecular players in an elaborate feedback loop that
controls the stabilization and establishment of single olfactory receptor gene choice.The nose is faced with the daunting task
of having to distinguish among millions
of odor molecules, some of which elicit
such diverse emotional and behavioral re-
sponses as fear, aggression, and sexual
desire. Odor sensation in mammals be-
gins at the olfactory epithelium, a tissue
composed of millions of olfactory sensory
neurons (OSNs) that turn over on average
every 3 months, representing one of a few
types of neurons that are replenished
throughout an animal’s lifespan. Each
OSN expresses a single olfactory recep-
tor (OR) allele from >2,000 possible
mouse OR alleles (800 in humans),
dispersed among dozens of OR gene
clusters in the genome. While it is known
that a stable OR expression is essential
for both the differentiation and integration
of the mature OSN into the functional ol-
factory network, the molecular mecha-
nisms underlying both OR gene choice
and expression stabilization in mature
OSNs remain unsolved. Reporting
recently in Cell, Dalton and colleagues
(2013) elegantly identify the unfolded pro-
tein response (UPR) as a self-regulated
pathway for OR translation-activated
cellular programming critical to OR gene
choice and stable OR expression in the
developing OSN (Figure 1).
Recent work by the Lomvardis labora-
tory suggests that singular OR expression
is initiated by lysine demethylase 1
(LSD1), which catalyzes an epigenetic
switch that allows localization of the
active OR allele to a specific nuclear
subdomain distinct from inactive ORs
(Clowney et al., 2012; Lyons et al.,
2013). Importantly, this so-called one-128 Developmental Cell 27, October 28, 2013OSN-one OR rule is enforced by a nega-
tive feedback signal that requires func-
tional OR expression. When an ectopic
OR is forcibly expressed in an immature
OSN, even when an artificial Tet-O pro-
moter is used, endogenous OR expres-
sion becomes suppressed (Nguyen
et al., 2007; Serizawa et al., 2003). But
how does the developing OSN recognize
that an OR allele has been chosen, and
what are the molecular pathways through
which this signal is propagated? Although
earlier models had suggested a role for G
protein signaling, this appears to be un-
likely, because a mutant form of an OR
that cannot couple to G proteins can still
achieve stable expression and mainte-
nance in mature OSNs (Imai et al., 2006).
A feature of G protein coupled recep-
tors (GPCRs), including ORs, is that their
proper folding and posttranslational pro-
cessing requires elaborate orchestration
in the endoplasmic reticulum (ER), often
with the aid of receptor-specific acces-
sory proteins (Cooray et al., 2009).
Rapidly increasing rates of OR translation
in immature OSNsmay trigger the UPR. In
fact, in OSNs, ATF5, a homolog of the
unfolded protein-response-related tran-
scription factor ATF4, has been shown
to be highly transcribed and is required
for OSN development and survival
(Wang et al., 2012). Dalton et al. (2013)
thus hypothesized that the UPR could
serve as a molecular signal that triggers
a negative feedback signal to downregu-
late LSD1 following OR gene choice.
To test this hypothesis, Dalton et al.
(2013) examined ATF5 expression across
OSNs at different developmental stages.ª2013 Elsevier Inc.They found that the nuclear ATF5 protein
isoform (nATF5), which is only produced
in response to UPR pathway activation,
can only be detected in immature OSNs
prior to the expression of adenylyl cyclase
3 (Adcy3), whose expression requires
stable OR gene choice (Lyons et al.,
2013). Thus, OR gene choice could lead
to increased OR translation that, in turn,
triggers the UPR and disinhibits ATF5
nuclear isoform translation, providing a
logical mechanism through which a
maturing OSN can detect the OR gene
choice.
Consistent with this model, Dalton et al.
(2013) found that the olfactory epithelia of
LSD1 conditional knockout (KO) animals,
in which global OR expression is abol-
ished, show significant reductions in
nATF5 immunofluorescence but retain
normal ATF5 mRNA expression. In
addition, the translation of nATF5 was
restored by overexpressing exogenous
OR. Moreover, ATF5 KO animals show
both a dramatic loss of Adcy3 expression
and sustained expression of LSD1. The
latter results in frequent OR switching
events, thus illustrating a need for nATF5
in order for a maturing OSN to establish
a stable OR gene-expression program.
Extending the understanding of this
mechanism, Dalton et al. (2013) found
that, like nATF4, nATF5 translation is initi-
ated by the phosphorylation of the trans-
lation cofactor Elongation Initiation Factor
eIF2a, and animals carrying mutations in
the phosphorylation site of eIF2a pheno-
copies ATF5 KO animals. Given that
the initiation of OR expression leads to
eIF2a-mediated nATF5 translation, it
Figure 1. UPR Function Stabilization and Establishment of Single OR Gene Choice in OSNs
LSD1 removes repressive histone marks, allowing the expression of an OR whose translation causes ER
stress to activate PERK, which in turn phosphorylates eIF2a for nATF5 translation. nATF5 activates Adcy3
expression, causing downregulation of LSD1 and stabilizing OR choice.
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must be stimulated by a mechanism that
can sense OR translation. Interestingly,
ER stress has been shown to activate
PERK, which in turn phosphorylates and
activates eIF2a (Ron and Walter, 2007).
Dalton et al. (2013) recognized that this
perfectly positions PERK to be both the
missing OR expression ‘‘sensor’’ and
‘‘effector.’’ In support of this mechanistic
model, PERK KO mice phenocopy both
ATF5 KO and eIF2a mutant animals.
To demonstrate a central role for the
UPR in sensing ER stress and regulating
OR gene expression, Dalton et al. (2013)
designed a clever method to trigger ER
stress signals in the absence of OR
expression by inducing UPR pharmaco-
logically. Using LSD1 KO mice, which do
not show OR expression, they used
tunicamycin to activate the UPR by block-
ing protein N-glycosylation in the ER,
showing that tunicamycin was able to
partially induce Adcy3 expression and
thereby rescue the LSD1 KO defect.
Finally, Dalton et al. (2013) also provide
evidence to support a model in whichAdcy3, whose expression is activated by
OR gene expression, plays a critical
downstream role in OR gene choice stabi-
lization by terminating the UPR. In Adcy3
KO mice, the olfactory epithelium has
enhanced expression of nATF5 and
LSD1 and a paucity of OSNs that exhibits
stable OR gene expression (Lyons et al.,
2013). However, how Adcy3 expression
leads to the termination of the UPR,
downregulation of LSD1, and consequent
stabilization of OR gene choice remains to
be elucidated.
In summary, Dalton et al. (2013) beauti-
fully illustrate the orchestration of epige-
netic, transcriptional, translational, and
posttranslational control mechanisms in
the establishment of OR gene choice,
highlighting a surprising use of the UPR
pathway. A number of new questions
have emerged from their study, including
how ER stress is ultimately relieved in
the OSN given the sustained level of OR
expression. One possibility could be that
the activity of OR accessory proteins
can help relieve the UPR. Excellent candi-
dates include the olfactory-specific re-Developmental Cell 27ceptor transporting proteins RTP1 and
RTP2, which have a critical role in medi-
ating the ER exit and trafficking of ORs
to the cell surface (Saito et al., 2004).
Understanding the initiation and relief of
the UPR in OSNs will likely have broader
implications in elucidating the mecha-
nisms through which GPCRs and other
transmembrane proteins undergo post-
translational ER quality control. Moreover,
the mechanism through which the UPR is
utilized as a key pathway in epigenetic
regulation of gene expression may be
broadly conserved across other tissues.
Given the central role that protein mis-
folding has across a range of human
diseases such as cystic fibrosis, spondy-
loarthropathies, and neurodegeneration,
understanding the link between ER
quality control and epigenetic regulation
of gene expression will likely have a wide-
spread impact on human biology and
pathophysiology.ACKNOWLEDGMENTS
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